Determination of the position of Jupiter from radio metric tracking of Voyager 1
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The Voyager 1 spacecraft flew by Jupiter cm March 5,1979. Spacecraft navigation
was performed with radio tracking data from NASA’s Deep Space Network. In the
years since then, there has been a great deal of progress in the definition of celestial
reference frames and in determining the orbitand orientation of the Liarth. Using
these improvements, the radio metric range and 1 oppler data acquired from the
Voyager 1 spacecraft near its encounter with Jupiter have been rc-analyzedto
determine the plane-of-sky position of Jupiter with much greater accuracy than was
possible at the time of the encounter, The. position of Jupiter at the time of
encounter has been determined with anaccuracy of 40 nrad in right ascension and
140 nrad in declination. This position estimate has been done to improve the
cphemeris of Jupiter priori to the upcoming encounter of the Gal i Ico spacecraft with
Jupiter.

INTRODUCTION

Radio metric tracking data has been used since the inception of interplanetary space
exploration to determine the trgjectory of the robotic probes. Scveralanalyses have been written
that dcscribe t he abi 1 ity of radio metric dat ato determine the position of i nterplanct ary spacecraft. -3
The ability to determine the plane-of-sky position of spacecraft comes from the signature imposed
on the spacecraft radio signal by the rotation and orbital motion of the Earth. This signature can be
analyzed to determine the right ascension and declination of the spacccraft. There is also a
signature in the spacecraft radio signal, duc to the acceleration causeded by a nearby planctary
body, which can be used to determine the position of the spacecraft with respect to the planctary
body. The combined signatures can be used to determine the position of the planct at the time of
the spacccraft encounter.

The diurnal signature in the radio metric data give information about the spacecraft right
ascension and declination with respect to the direction of the Earth's spin axis at the time of the
mecasurement. Thedirection of the Earth's spin axis, and the orbit of the 1 iarth, with respect to a
desired inertial cclestial coordinate system must be known in order to usc the radio metric data to
deduce theinertial coordinates of the spacecraft.

The determination of the orbitand orientation of the 1 ‘arth has been a field of intensive study.
The introduction of routine Very 1.ong Baseline Interferometry (V1 .131) observations in the early
1980’ s has cnabled the definition of a celestial reference fi ame, defined by the positions of extra-
galactic radio sources, with internal consistency of about 5 nrad (secc.g. Ref. 4). Thisis about a
factor of 1()() better than optical star catalogs previously used to define the celestialreference frame
(Seec.g. Ref. 5). The orientation of the Earth is measured by V] .Blwith an accuracy of about
5 nrad with respect to the extra-galactic radio sources. Beginning in 1988 the International arth
Rotation Scrvice (11;1-?S) was formed to facilitate reporting Earth orientat ion in astandard way.
ThelERS adopted a conventional celestial reference frame defined by the positions of extra-galactic
radio sources. Earth orientation measurements with respect to the 11:RS celestial reference frame
arc regularly distributed. © The orbit of the Earth about the sun is known with an intcrnal accuracy
of about 5 nrad from the anal ysis of ranging data to the Viking landers and Lunar Laser Ranging
(1.1.R).7 The same 1.1 .R data can be used to determine the orientation of the Earth with respect to



the Earth's orbit. Comparison of LLR and VLB1 Earth oricntation has been used to determine the
orientation of the 1iarth's orbit with respect to the 1 ERS celestial reference frame with an accuracy
of about 15nrad.®

The ephemerides of the outer planets has been heavily dependent on optical measurements
due to a scarcity of more accurate measurements. The relatively poor accuracy of the optical da(a,
and zonc crrors in the ootical reference cataloas, contributed to anapparent discrepancy in the
position of Jupiter of 400 km during the Ulysses spacecraft Jupiter encounter in February 19929
This discrepancy and the upcoming encounter of the Galileo spacecraft with Jupiter in December,
1995 prompted a re-analysis of radio tracking data from the Voyager 1 encounter with Jupiter to
provide a radio met ric position of Jupiter referred to the 1 ERS celest ial reference frame.

The closest approach of the Voyager 1 spacecraft 1o Jupiter occurred on March 5, 1979.
Shortly after closest approach to Jupiter, the spacecraft flew within 21,000 km of 1o and then
within 150,000 km of Ganymede e Callisto. Navigation of Voyager 1 was performed using
radio range anti Doppler measurements by the Deep Space Network and by using images of the
satellites of Jupiter against background stars taken by the on-board camera. 1 0.1771 he Voyager |
navigation provideda determination of the I+alh-Jupiter range at the time of encounter’ and data
for the improvement of the ephemerides of the sate]] itcs of Jupiter. ] 2}owever the large
uncertainty of the orbitand orientation of the Earth at that time prevented ausefulimprovement in
the planc-of-sky position of Jupiter. A re-analvysis of the Voyager 1 radio tracking data, based on
the previous work of the Voyager 1navigation team and with updated models for the orbit and
orientation of the Earth, has been performed to determinc the right ascension and declination of
Jupiter at the time of the Voyager | encounter.

METHOD

Two-way Voyager 1 tracking data was acquired by an antenna from the Dcep Space
Network transmitting a signal to the spacecraft at a frequency near 2.1GHz (S-band) with the
spacecraftreceiving and coherently rc-transmitting the signalto Harthat 2.3 Gllz or 8.4 GJ 17 (X-
band). The data employed for the re-analysis spanned 32 days ending afew hours after the closest
approach to Jupiter and before the encounter with 10. Doppler measurcments were made by
comparing the frequency of the received carrier with the transmitted carrier at the DSN antenna.
Range measurements werc made by determining the delay between the time of transmission of a
range code (aset of coherent tones about the carrier) and the time of reception of the re-transmitted
range code. The dominant noise on the measurements was due to variations in the charged particle
[distribution between Earth and the spacecraft, mostly due to solar plasma. Formuch of the time,
Voyager ltransmitted coherent signals at both 2.3 GHz and 8.4 Gllz. For the re-analysis, only
dual-band downlink data was used. Because the charged particle effects are proportional 1o the
inverse of the square of the carrier frequency, the dual-band downlink provides a mcasure of the
charged particle effects on the downlink signal. By interpolating the charged particle effects to the
time of the uplink, it was possible to remove most of the cf feet on the tracking data.

The spacecraft trajectory was integrated from initial position and velocity conditions using
modecls for the dynamic forces on the spacecraft. The modcled gravitational forces on the
spacecraft were due to the masses of the sun and planets, the Galilean satellites, and the oblatencss
of Jupiter. The rclative locations of the Sun and planets were based on the JP1. ephemeris labeled
DIE:200!3 but with the orbit of the Earth adjusted to have the correct orientation with respect to the
11RS celestial reference frame at the time of encounter.® The position of the Galilean satellites
were given by l.icskc.’2 The masses of the Jovian system and the oblateness of Jupiter arc given
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by Campbell and Synnott.'!  Other forces modeled were solar radiation pressure and thruster
firings.

The Voyager | spacecraft is three-axis stabilized using unbalanced thrusters. Because of
torques acting on the spacecraft (mainly clue to solai pressure) the thrusters repeatedly fire to
maintain a specified orientation.  These thruster firings produce small velocity changes 1o the
spacccraft trajectory. Changes in the orientation of the spacecraft caused a change in the torque on
the spacecraft and a change in the pattern of the thruster firings. information about the thruster
firings was encoded in the spacccraft telemetry stream but this information was imperfect. Instcad
of relying on the incomplete telemetry in formation, the ynaghitudes of the thruster firings were
estimated in two ways. as constant accelerations, while the spacecraft was ina fixed atitude, to
approximate the nearly constant thruster firings nceded to maintain the attitude, and by impulsive
maneuvers which were larger events associated with chainges in the spacecraft orientation. In
addition, there was cianc larger impulsive mancuver12.5 days before Jupiter encounter to correct
the spacccraft trajectory. Table 1gives the acceleration and maneuver times included in the re-
analysis. Some information about the history of the spacecraft orientationis no longer available so
some of the eventsin Table 1 were inferred from an examination of the tracking data. 1 n principle,

the only conscquence of estimating toomany maneuvers and accelerations is to weaken the
solution.

‘1'able 1. Modeled thruster firing times

Maneuver time Acceleration starl time
4-FEB-1979 00:00 01 -FEB-1979 00:00
5-1EB-1 979 12:00 04-FEB-1 979 08:30
9-FEB-1979 04:02 05-1 ‘EB-197912-00
17-] "1iB-1 979 00:00 09-1 ‘EB-1979 04:00
8-17EB-1979 18:00 1 1-FEB-1979 02:00
9-FEB-1979 00:00 15-FEB-1979 00:00

21-FEB-1979 03:58 17-FEB-~1979 15:00
I-MAR-l 979 23:00 19-1"EB- 1979 05:00
3-MAR- 1979 20:00 21-FEB-1979 18:00

04-MAR- 1979 00:00

Computed values for the tracking measurements were derived from nominal values for the
spacecraft epoch state, force modc]s,incrlia]Dcci‘p Space Station locations, and calibration for
propagation delays duc to Earth troposphere. 14 A least-sgllarcs fit to the observed minus
computed measurement values was made (0 estimate modcl parameters. The estimated parameters
included the spacecraft initial stale, corrections of the orbital elements of Jupiter, the direction of
Jupiter's spin axis, a range bias for each DSN antenna, and paramcters to describe the thruster
firings. 1.ocations for the stations of the DSN were consistent with the 1ERS terrestrial reference
frame.® The station locations were mappedfrom Earth-fixed locations to incrtial spaccusing
models for precession, nutation, solid Earth tides, and calibrations for polar motion and length of
day variations and corrections to the standard nutation model in the manner defined by the IERS.

The estimated uncertainty for the spacecraft trajectory depended on assumed a priori
uncertaintics for the estimated parameters, the data arc and data weights assumed, and on a priori
uncertaintics for model parameters that arc not estimated. The effect of uncertainties of non-
estimated model parameters is included through the usc of consider analysis.’5 The assumed a
prioriinformation for estimated and consider parameters is summarized in Table 2. The a priori
uncertainties for spacecraft initial state were large enough to leave it essentially unconstrained. The
thruster firingncertainty levels were based on the level of variation as recorded by the telemetry
information fand by checking that the estimated corrections to the acceleration were significantly




smaller than the a prioriuncertainty. The uncertainty in the position of Jupiter ant] in the Jupiter
spin axis direction were set large cnoughso as to notinfluence the solution. Because range
calibrations wercnot recovered for the re-analysis, the DSN range biases were Set (o a value
corresponding to thetotaldelay through the groundstation. DSN station locations arc currently
known to 3 cmbut because of uncertainty in the rate of change of station locations ducto plate
tectonics this was increased 1010 cmuncertainty for the 1979 encounter data (and was large
enough 10 include uncertainties in Earth orientation). The uncertainty in the orientation of the
Earth's orbit comes from the comparison of V1.Bland M R Earth orient ation.”The uncertainty in
the troposphere calibrat ion ist aken from Robinson. © " he uncertainty in the oblatencss of Jupiter's
gravity field is from Campbelland Synnott.12

Table 2. Estimated and considered parameters and their uncertaintics

Fstimated Parameters — — — Uncertainty
Spacecraft initial position 105 km
Spacecraft initial velocity 100 km/sec
Impulsive mancuvers (each component) 1 cm/sec
Thruster accelerations (cach component) 1() Mkm/s?
Jupiter right ascension 500 nrad
Jupiter declination 500" nrad

1 tarth-Jupiter range 1()() km
Jupiter spin axis, right ascension 0.I°

Jupiter spin axis, declination 0.1°

DSN range biases 3km

‘onsider Parameters

DSN station locations 10 cm
Earth orbit orientation w.r.t.1ERS framc 15 nrad
Troposphere zenith delay 4¢m
Jupiter oblatcness (J2) 0.01%

1<11s111,'1's

Figures 1 and 2 show the post-fit data residuals. The Doppler data residuals have a root-
mean-square (17111s) of 0.1 111111/s. Most of the data points have averaging times much longer than
the standard 60 s. ]f the data noise is assumed to be white-frequency noise, then the Doppler data
residuals correspond to an r.m. s, of 0.3 mm/s for 60 s averaging t imc. The solar plasma is
known to impose more noise on the Doppler data at low frequencies 0 so for the final estimate the
Doppler data were conservatively weighted at 1mm/s uncertainty for 60 s count time, even
though the solar plasma was partially calibrated. This loose weighting prevents small signatures in
the Doppler data from cxcessively influencing the solution estimates and increases the formal
uncertainty. The range data have an r.m.s. of 3.2 m and werc weighted at 4 min the solution.

@ Q. L. robinson, 1986, "Frrors in Su rface Model Estimates of Zenith Wet Path Delays Near DSN Stations”, JPIL.
10M 335.4-594 (internal document)
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Figure 2. Voyager 1 S-band range residuals

d 4 give the estimated position of Jupiter at a time ncai the closest approach of the
Voyager 1 spacecraft in Cartesian and spherical coordinates. Because Jupiter is within the solar
system, the ]ight-time significantly affects the apparent position of Jupiter. To avoid complications
of light-time calculation, time transformations, and other effects, Tables 3 and 4 give the
‘{arth-Jupiter vector in the IERS celestial reference frame. That is, the Earth-Jupiter
fference between the position of Jupiter at the specified solar-system barycentric
coordinate time (TDB) and the position of the Earth at the same coordinate time. For reference the

Farth-Jupiter vector is also given in the widely available ephemeris 1DF:200.




Table 3. Cartesian coordinates of Jupiter on 5-Mar- 1979 12:00:()().000 TDB

x(km) y(km) z(km)
Estimated pOSi'[iOﬂ -3391099914 536319388 241482423
Position in DIE200 -339110282 536319389 _ 241481691

Tablc 4. Spherical coordinates of Jupiter on S-Mar- 1979 12:00:00.000 TDB
range (km) rightageension declination
Listimated position 6789313921 38h9m 131531 °1.0.0005s  20°50” 6.487"+0.028"
Position in DI200 678931276  gh 9m 3. ]584s _ 9(° 50'6.262"

The uncertainties in Table 4 correspond to 40 nrad inright ascension and 140 nrad in
declination. The given uncertainties arc expected to reflect the actual uncertainties as realistically as
possible. The actual uncertainties arc dependent on the spacecraft thruster firing history which
cannot be casily reconstructed at this late date.  As a check for errors in modeling assumptions,
separate {its were made using only the first 16 days of data within the arc and with only the last16
days of data. In cach case the estimated position of Jupiter agreed with the value given in Table 3
within 1-sigma. Theuncertainty in the liarth-Jupiter range isduc to nol having the ranging system
calibrations available for the re-analysis. The right ascension and declination estimated for Jupiter
arc more accurate than any other measurements cxcept for the VI .B1 data taken from the Ulysses
spacecraft . '1'hc only other position measurement with comparable accuracy is from observations
of the satellites of Jupiter with with the Very Large Array which determined the position of Jupter
with an accuracy of 125 nrad inright ascension and dcclination.’® The Voyages 1 position
determination will make a significant contribution to determining the ephemeris of Jupiter prior to
Galileo's encounter in December 1995.
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